First-principle based microkinetic simulations are performed to investigate methanol synthesis from CO and CO 2 on Cu(221) and CuZn(221) surfaces. It is found that regardless of surface structure, the carbon consumption rate follows the order: CO hydrogenation>CO/CO 2 hydrogenation>CO 2 hydrogenation. The superior CO hydrogenation activity mainly arises from the lower barriers of elementary reactions than CO 2 hydrogenation. Compared to Cu(221), the introduction of Zn greatly lowers the activity of methanol synthesis, in particularly for CO hydrogenation. For a mixed CO/CO 2 hydrogenation, CO acts as the carbon source on Cu(221) while both CO and CO 2 contribute to carbon conversion on CuZn(221). The degree of rate control studies show that the key steps that determine the reaction activity of CO/CO 2 hydrogenation are HCO and HCOO hydrogenation on Cu(221), instead of HCOOH hydrogenation on CuZn(221). The present work highlights the effect of the Zn doping and feed gas composition on methanol synthesis.
I. INTRODUCTION
Methanol synthesis has attracted great interest owing to its significance in the chemical industry, where methanol can be used as liquid fuel and raw material to synthesize valuable chemical feedstock [1] [2] [3] . Additionally, the CO 2 generated by using CH 3 OH as a liquid fuel can be recycled through the hydrogenation to CH 3 OH, which is believed to be promisingly to reduce CO 2 emissions. Industrially, Cu-Zn-Al catalysts is commonly used in methanol synthesis at 50−100 bar, 200−300 o C from a feed gas mixture of CO 2 , CO and H 2 [4] .
Because of the broad range of applications and the importance of this reaction, copper-based methanol synthesis catalysts have been widely studied, but the reaction mechanism and the interplay between the catalysts' surface properties and the feed gases is still uncertain [5] [6] [7] [8] [9] [10] . Several important open questions include the nature of the preferred carbon source for methanol-CO [11] or CO 2 [12] and that of active sites. CO has been assumed to be the source of carbon in methanol over Cu-based catalysts from CO/CO 2 mixtures, before the isotope labeling 14 C experiments showed the dominance of CO 2 hydrogenation [12] [13] [14] . Recently, tracer experiment in 13 CO/ 12 CO 2 /H 2 and DFT calculation suggests a CO 2 to CO shift in the dominant source of carbon in methanol with decreasing temperatures [15] .
The enormous advances have been also achieved with the understanding toward active site in methanol synthesis [16] [17] [18] [19] . Jong et al. have studied the influence of the Cu particle size smaller than 10 nm where variations in surface structures occur, under industrially relevant condition [18] . They found a dramatic decrease of specific activity when Cu particles are smaller than 8 nm, and together with DFT studies, they propose that the reaction occurs at Cu surface sites with a unique atomic structure such as step-edge sites. Additionally, it was believed that the addition of Zn can largely increase the activity of Cu catalysts. Depending on the preparation method and pretreatment conditions, different structures such as metallic CuZn alloy and Cu/ZnO interface have been detected, and controversy exists about which structure is active site and the role of Zn [17, 20, 21] . For instance, it has been implied that the turnover frequency (TOF) for methanol depends on the coverage of the coper surface with metallic Zn atoms, and the reducibility of ZnO component of the catalyst under reaction conditions prefers to decorate the low-coordinated coper sites (such as the step sites), and the terrace coor-dinated sites as Zn coverage increases [17, 21] .
Theoretically, most mechanistic studies concentrate on the direct understanding of DFT-derived energy profiles, which gives a qualitative description of elementary pathways and relative energetics [16, 22] . However, it has been argued recently it is not sufficient to reliably assess the relative activities to methanol synthesis, and systematic kinetic study of DFT energy profile is called for [23, 24] . Herein, using DFT calculations and microkinetic simulations, we investigate CO and CO 2 hydrogenation to methanol on stepped Cu(221) and CuZn(221) (FIG. 1) as observed by the high resolution transmission electron microscopy (HRTEM) under reaction conditions over Cu-ZnO catalyst [16] . The fundamental understanding can provide insights into the carbon source and feed gas composition and alloy effect on reaction activity in methanol synthesis.
II. COMPUTATIONAL METHODS

A. DFT calculation
Self-consistent DFT calculations were performed via Vienna ab initio Simulation Package (VASP) [25] code. The exchange-correlation interaction were described within the generalized gradient approximation (GGA) using van der Waals interaction reversed Perdew-BurkeErnzerhof [26] with optPBE-vdW [27] . The plane wave pseudopotential within the projected augmented wave (PAW) [28] method has a kinetic cutoff energy of 400 eV. Twelve-layer slab with (3×1) surface cell was performed to simulate stepped surface Cu(221). Surface alloy of CuZn(221)-(3×1) surface unit cell was simulated with copper atoms at step edge substituted by two Zn atoms [16, 24] . The surface Brillouin zone was described by a 5×5×1 grid mesh [29] for Cu(221) and CuZn(221). A vacuum region of 15Å was used to avoid interactions between the slabs along the z -direction. When optimizing the adsorption energies, top six layers of Cu(221), CuZn(221), and the adsorbates were allowed to relax, while the other atoms were fixed. The optimized lattice parameter for Cu was 3.64Å used throughout all calculations, which agreed closely with the experimental value (3.62Å) [30] .
The adsorption energies, ∆E ads , were calculated as:
where E ad/sub was the total energy of the optimized adsorbate-substrate system. E ad and E sub were the energy of adsorbed species and the clean slab, respectively. The reaction energies of the elementary steps, E r , was calculated as:
where ∑ (E ads ) r and ∑ (E ads ) p were the adsorption energies of the reactants and products at infinite separation. ∆E gas was the reaction energy in the gaseous phase. Therefore, negative and positive values of E r meant exothermic and endothermic processes. The climbing-image nudged elastic band method [31] and force reversed method [32] were employed to determine the transition states for the elementary reactions, until the force on each ion was less than 0.05 eV/Å. Activation energies (E a ) and E r were taken with respect to isolated reactants/products. Zero-point energies and corrections of entropy were not included in our calculations.
B. Microkinetic simulations
The E a and E r of elementary reactions obtained from DFT give the backward and forward rate constant.
where k is the reaction rate constant in s
TS and Q, refer to the Boltzman constant, reaction temperature, Planck constant, the reaction barrier, the partition functions for the transition states and initial states, respectively. The pre-exponential factor of 10 13 s −1 is used for the elementary reactions considered in the present work.
The molecular adsorption rate constant is expressed as:
where P, S refer to the partial pressure and the sticking coefficient (S =1 in this work). A ′ and m is the surface area of the adsorption site and the mass of the adsorbate.
The rate constant for desorption is calculated by:
where σ and θ are the symmetry number and the characteristic temperature for rotation, respectively [33] . E des is the desorption barrier, approximated by the absolute value of the binding energy. 
in which, k j is the rate constant of elementary reaction step j, v j i is the stoichiometric coefficient of component i in elementary reaction step k, and c k is the concentration on surface.
The reaction rate is calculated by MKMCXX program [34, 35] . The rates of the individual elementary reactions were calculated based on the steady-state coverages. The limited rate step can be analyzed by the degree of rate control (DRC) [36] [37] [38] . For elementary step i, the degree of rate control X RC,i is
where k i and K i are the rate constants and the equilibrium constant for elementary step i, respectively, and r is the reaction rate. Furthermore, the DRC coefficients have to follow the summation rule [37] :
A positive DRC for reaction step i indicates that corresponding step limits the rate of reaction, whereas negative values point to rate-inhibiting reaction steps.
III. RESULTS AND DISCUSSION
A. DFT calculations
We first perform DFT calculations for CO and CO 2 hydrogenation to methanol on stepped Cu(221) and CuZn (221) weakens the species binding, with the exception of OH * and CH 3 O * . These results can be well understood since Zn and Cu are in the neighboring group, and both possess a d 10 electronic configuration, leading to the similar bond strength of species. The slightly weaker atomic/molecular binding on CuZn may arise from a combination of both geometric (such as bond length) and electronic effect. Based on many common electronic structure descriptors, such as lower d-band center and less charge transferred, etc. can lead to lower bond strength [39] . The discussion about the role of Zn can also be found in recent study by Liao et al. [40] .
The structure insensitive intermediates adsorption leads to slight variation in reaction heat (E r ) and activation energy (E a ) of elementary reaction between Cu(221) and CuZn(221). The hydrogenation of CH 2 O * with E r differing by at most 0.33 eV (Table II) found, as CH 3 O * depends most strongly on surface structure among the possible intermediates. The difference in E a generally falls in the range of 0.20−0.30 eV, and CuZn(221) has slightly higher E a than Cu(221). Compared to HCO and CH 2 O hydrogenation, which have the modest E a , CO, CH 3 O, and OH hydrogenation is more difficult (0.9−1.2 eV) on the two surfaces. These results are in consistent with previous report on Cu(211) and CuZn(211) [16] .
For CO 2 hydrogenation to methanol, generally, the presence of Zn slightly weakens the adsorption of intermediates, which is similar to CO hydrogenation. Interestingly, H 2 COO * binds more strongly on CuZn(221) than on Cu(221) by 0.29 eV. As shown in FIG. 2(h) , the adsorption configurations of H 2 COO * on the two surfaces are very similar, except that one of O atoms binds with Zn on CuZn(221) instead of Cu on Cu(221) at the step edge. Therefore, the enhancement role of CuZn(221) may originate from the stronger Zn−O bond as compared to Cu−O bond. We have previously classified the adsorption bond to ionic and covalent bond [39] . As the decrease in energy level difference between metal and adsorbate, the strength of ionic bond gradually decreases whereas that of covalent bond gradually increases. In this context, the smaller energy difference between Zn and O may lead to stronger covalent bond.
The addition of Zn mildly lowers the E a (by 0.10 eV at most) of the most elementary steps in hydrogenation of CO 2 (Table II, see the configuration of transitions states in FIG. 3) .
Among the elementary steps, CO 2 and HCOOH * hydrogenation and H 2 COOH * decomposition are quite facile, with the E a of no more than 0.85 eV on Cu(221) and CuZn(221). However, HCOOH * , H 2 COO * and H 2 COOH * formation are more difficult, and the E a ranges from 1.07 eV to 1.74 eV on the two surfaces. Our calculations agree well with previous DFT study on Cu(211) and CuZn(211) [16] and metal doped Cu(111) [41] . 
B. Microkinetic simulations
Having obtained the energetic for CH 3 OH synthesis from CO 2 and CO on Cu(221) and CuZn(221) surface, we will focus on the kinetics of the reaction in this section. How does Zn affect methanol yield? What is the carbon source of methanol synthesis? What is the key reaction step to determine the reaction activity? To provide insights into these questions, a microkinetic simulation was conducted at total pressure of 50 bar in 400−670 K, with different CO 2 ratios (CO/H 2 =1/4, CO/CO 2 /H 2 =1/1/9 and CO 2 /H 2 =1/4). Microkinetic simulations predict the formation rate of methanol as a function of the reaction temperature. As shown in FIG. 4(a) , the composition of feed gas has a dramatic influence on the methanol formation rate, which follows the order of CO hydrogenation>CO/CO 2 hydrogenation>CO 2 hydrogenation on Cu(221) regardless of temperature. CuZn(221) follows the same order as on Cu(221), but having lower rate. As shown in  FIG. 4(b) , compared to Cu(221), the presence of Zn greatly retards CO hydrogenation by 1. over, the activity difference of the three reactions on CuZn(221) is smaller than on Cu(221). The methanol formation rate generally increases with increasing temperatures on both Cu(221) and CuZn(221), which is caused by the rapid decrease of HCOO * coverage and increase of empty sites and the surface H coverage with temperature ( see FIG. 5 ).
To provide insight into the carbon source in methanol synthesis, we separate the total conversion rate of CO/CO 2 hydrogenation to the rate of CO and CO 2 conversion. As shown in FIG. 4(c) , the apparent barrier of CO conversion (the slope) is lower than that of CO 2 conversion by 6.8 kJ/mol on Cu(221), and CO conversion is 7−6400 times faster than CO 2 conversion. However, the case is quite different from CuZn(221). The rate of CO 2 conversion is very close to that of CO conversion at the temperature region considered. Consequently, CO acts as the carbon source on Cu(221), while both CO and CO 2 contribute to carbon conversion on CuZn(221).
The reaction steps controlling carbon consumption can be decided by DRC for each elementary step considered (see Method Section for a more detailed description). As shown in FIG. 6(a) , on Cu(221) formate hydrogenation (HCOO * +H * →HCOOH * + * ) primarily controls methanol synthesis rate at lower temperature (T <550 K) and CHO hydrogenation (FIG. 6(b) ). This means the increase in HCOOH hydrogenation rate can improve methanol synthesis rate.
According to the DFT and microkinetic simulation results, the rate of CO hydrogenation is higher than that of CO 2 hydrogenation on Cu(221). However, CuZn(221) retards dramatically the conversation rate of CO and CO 2 , especially for CO. To explain this, we note that the key elementary reactions for CO hydrogenation, such as CH 2 O formation, have lower barrier than those for CO 2 hydrogenation, such as CO 2 /HCOO hydrogenation on Cu(221). On the other hand, Zn doping generally increases the E a for CO hydrogenation reactions, whereas slightly decreases those for CO 2 hydrogenation reactions. The distinct dependence of reactivity on feed gas also results in the variation in carbon source with a mix CO/CO 2 feed gas on Cu(221) and CuZn(221). Specifically, the carbon switches from CO on Cu(221) to both CO and CO 2 on CuZn(221). Our calculations agree well with previous experiment by Schlögl et al. [24] . They found higher TOF for CO hydrogenation than that of CO/CO 2 at 30 bar and 503 K with Cu supported on an inert MgO support, however, on CuZn catalyst, the reversed trend is observed. The DRC studies show that the key steps that determine the reaction activity of CO/CO 2 hydrogenation are HCO * and HCOO * hydrogenation on Cu(221), while HCOOH * hydrogenation on CuZn(221). The rate increase of these steps by interface can greatly enhance the reaction activity on the two surfaces.
IV. CONCLUSION
The effect of alloying and feed gas composition on methanol synthesis is investigated by optPBE-vdW DFT and microkinetic simulation. The results show that both Cu(221) and CuZn(221) have higher carbon consumption rate for CO hydrogenation, followed by CO/CO 2 hydrogenation and CO 2 hydrogenation. Carbon comes from CO on Cu(221) whereas both CO and CO 2 on CuZn(221) for a mixed CO/CO 2 hydrogenation. The DRC studies show that the key steps that determine the reaction activity of CO/CO 2 hydrogenation are HCO * and HCOO * hydrogenation on Cu(221), rather than HCOOH * hydrogenation on CuZn(221). Further works should be done to unbiasedly estimate the various possible sites to get a reasonable and comprehensive knowledge of active sites, such as other types of low-coordinated copper sites, Cu/ZnO interface, and reaction mechanisms information.
